Introduction {#s1}
============

Cancer drug discovery is a great challenge in recent years. Scientists have learnt a great deal about how faulty genes and proteins contribute to cancer development. This has opened up a new approach for screening the anticancer molecules to enhance the affinity, selectivity (to reduce the potential side effects), efficacy/potency, metabolic stability and oral bioavailability. This work focused on the development of anti oral-cancer inhibitor targeting p38α mitogen activated protein kinase (MAPK). p38α has emerged as an attractive target for chemotherapeutic intervention for the treatment of cancer. p38α MAPK is a broadly expressed signaling molecule that participates in the regulation of cellular responses to stress as well as in the control of proliferation, apoptosis and differentiation in a manner that is dependent on the cellular contents. It is known to be vital in regulating the expression of inflammatory cytokoines such as TNFα, IL6 and IL12 in response to proinflammatory signals [@pone.0101525-Kumar1]. Cytokines developed by activating immune cells during chronic inflammation are the major promoters for cancer growth and progression [@pone.0101525-Karin1], [@pone.0101525-Naugler1]. The over production of theses cytokines causes tumor growth or cancer as well as has a critical role in the development and progression of cancer [@pone.0101525-Dhillon1].

p38α is evident to be over-expressed in many cancers like oral [@pone.0101525-Riebe1] breast [@pone.0101525-Davidson1], gastric [@pone.0101525-Liang1] and non small lung cancer [@pone.0101525-Greenberg1]. The role of p38 MAPK in inflammation and cancer makes it as an attractive drug target. Generally, kinases share a similar conserved secondary structure, ATP binding site and catalyze analogous reaction of protein phosphorylation but also possess unique structural properties viz. protein-protein interaction sites and allosteric site [@pone.0101525-Kulkarni1]--[@pone.0101525-Huse1]. Now a days the two important sites of kinase enzyme that are being focussed for inhibitor designs are the ATP binding site and the adjacent DFG-site. The majority of p38α MAPK inhibitors developed to date are competitive inhibitors targeting the ATP binding site. Our previous study also reported a specific competitive peptide inhibitor, VWCS for p38α MAPK designed on the basis of ATP binding site [@pone.0101525-Gill1]. However, the crystal structure of p38α has revealed, an adjacent secondary site called DFG- site (Asp-Phe-Gly), also addressed as an allosteric binding site. The binding of inhibitor to the allosteric site involves strong conformational changes, as during the activity of the enzyme aromatic ring of phenylalanine of DFG-site plays a major role. The inhibitors like Gleevac, Nexavar and BIRB-796 are reported for the DFG-site for interaction [@pone.0101525-Dietrich1].

Head and Neck Squamous cell Carcinoma (HNSCC) is associated with high recurrence, metastatic rate as well as poor prognosis. It has already been reported that p38α is overexpressed in HNSCC and declined after therapy [@pone.0101525-Gill2]. Moreover, p38α kinase is an important parameter in promoting the tumor micro-environment in HNSCC [@pone.0101525-Riebe1]. This study attempted to establish a novel peptide inhibitor based on DFG-site of p38α as an anti-cancer agent.

Methods {#s2}
=======

Ethics {#s2a}
------

The Ethics Committee of All India Institute of Medical Sciences (AIIMS) approved the study protocol (A-39/4.08.2008) and informed consent was obtained. The study was performed compliant to the rules and regulations of the Ethics Committee, all subjects gave written informed consent.

Expression and purification of p38α {#s2b}
-----------------------------------

The pET14b expression vector containing human p38α-cDNA was transformed in bacterial E. coli BL21 (DE3) competent cells (Novagen, USA) and was grown in Luria-Bertani broth at 37°C containing 100 µg/ml ampicilin. The cells were grown for 16 h. The expression was induced with 1 mM IPTG and the cell pellet was resuspended in 10 ml of lysis buffer (25 mM Tris (pH7.9), 300 mM NaCl, 0.8 mM PMSF and 10 mM imidazole). The cells lysate was centrifuged at 10,000 g for 20 mins and was loaded onto Ni^2+^-NTA-Agarose column (1 ml, QIAGEN, Netherlands) pre-equilibrated with the lysis buffer. Eventually, the protein was eluted with the same buffer containing 100 mM imidazole.

The elutant containing p38α was further purified by anion-exchange chromatography on DEAE-Sephadex-A50 column pre-equilibrated with buffer (25 mM Tris (pH7.9), 50 mM NaCl, 10 mM MgCl~2~, 5% glycerol and 1 mM DTT) at 4°C and was eluted with a concentration gradient of 0.05--0.2 M NaCl.

Characterization of recombinant p38α {#s2c}
------------------------------------

The eluted p38α (9.0 mg/ml) protein was assessed for its molecular-weight and purity by SDS-PAGE using Laemmli-buffers system [@pone.0101525-Laemmli1]. Protein spots were excised from the gel and subjected to in-gel reduction, alkylation and tryptic digestion [@pone.0101525-Boussac1]. The mass and sequence of the protein was determined by MS/MS (Bruker Daltonics, USA). Each of the resultant peptide was used to BLAST search the protein and was identified by Mascot search programme (matrixscience) [@pone.0101525-Kinter1].

*In-vitro* p38α kinase assay {#s2d}
----------------------------

The activity of p38α was measured by an ELISA based Forrer *et al*. method [@pone.0101525-Forrer1] using activated transcription factor-2 (ATF-2) as a substrate. The experiment was performed in triplicates. Microtiter-plates were coated with 10 µl ATF-2 solution (Sigma-Aldrich, USA) (10 µg/ml) at 4°C. The plates were washed and purified p38α protein (100 µM) in kinase-buffer (50 mM Tris (pH7.5), 10 mM MgCl~2~, 10 mM β-glycerophosphate, 100 µg/ml BSA, 1 mM DTT, 0.1 mM Na~3~VO~4~, 100 µM ATP) was incubated in the wells for 1 h at 37°C. The kinase mixture without the p38α-protein was used as a blank. The mixture was incubated for 1 h at 37°C with anti-phosphoATF-2 primary antibody (1∶400) (Biovision, USA) that interacted with the phosphorylated form of ATF-2. The subsequent incubation was done with alkaline phosphatase conjugated goat anti-rabbit secondary antibody (1∶4000) (Chemicon, USA). The chromogenic substrate 4-nitrophenyl phosphate (4-NPP) (Cayman Chemical Company, USA) (5 mg/ml) in 0.1 M Tris-HCl (pH 8.0) containing 0.01% MgCl~2~ was added for 1.5 h at 37°C. Finally, the reaction was stopped with 3N NaOH and the formation of Nitrophenolate was measured at 405 nm using ELISA reader (Quanta Biotech, UK).

Design of peptide inhibitor using molecular docking {#s2e}
---------------------------------------------------

A library of 1.6 lac tetra-peptides [@pone.0101525-Gill1] was built and subjected to Ligprep preparation wizard of GLIDE tool [@pone.0101525-Glide1] generating a maximum of 32 tautomers per tetra-peptide in the pH range of 7.0±2.0. Similarly, BIRB-796 an inhibitor for DFG-out confirmation was also prepared.

The four isoforms of p38 kinase namely α, β, γ and δ exhibit high sequence identity specifically in the active site residues. The crystal structure sequences in FASTA format for all isoforms were downloaded from NCBI database (Accession ID\'s Q16539, Q15759, P53778, and O15264) to determine the similarities and then multiple sequence alignment (MSA) was performed using Clustal Omega (1.1.0) [@pone.0101525-Sievers1]. MSA resonates more than 95% similarities in isoform sequences, indicating that the DFG site is highly identical having conserved amino acids. Further, the sequence similarity was confirmed by performing structural alignment using MUSTANG v3.2.1 [@pone.0101525-Konagurthu1] of the four PDB structures for p38 isoforms viz. 1KV2, 3GDP, 1CM8, 3COI.

Crystal structures of p38α (PDB id 1KV2) co-crystallized with known inhibitor BIRB 796, human mitogen activated protein kinase 11 (p38β) in complex with nilotinib (PDB id 3GDP), p38γ (PDB id 1CM8), and p38δ kinase (PDB id 3COI) were downloaded from PDB database ([www.rcsb.org](http://www.rcsb.org)).The heteroatoms and water molecules co-crystallized with the proteins were extracted out. Then prime module of GLIDE was used to build missing residues in the crystal structures of p38 isoforms. The protein structures were prepared using protein preparation wizard of GLIDE v 9.1 docking tool by adding hydrogen atoms and assigning bond orders. The structures were minimized using impref minimization wizard keeping OPLS_2005 molecular mechanics force field as default settings.

BIRB-796 co-crystallized with p38α was used for determination of active site residues of crystal structure 1KV2 including amino acids Val(50), Lys(53), Ser(61), Arg(67), Glu(71), Leu(74), Val(83), Thr(106), Met(109), Ile(141), Ile(146), Arg(149), Ile(166), Asp(168), Phe(169) and Gly(170) [@pone.0101525-Pargellis1]. A gird of 17 Å was prepared using GLIDE grid preparation wizard and *in silico* docking was performed by keeping the grid as rigid. All tautomeric confirmations of tetra-peptides treated as flexible were screened against p38α. The peptide library was initially screened using High Throughput Virtual Screening (HTVS) and Standard Precision (SP) docking modes. The resultant top 16000 tetra-peptides were subjected to Extra Precision (XP) mode and finally five docked tetra-peptides conformers with minimum energy were selected. They were also docked against p38β, p38γ and p38δ using the same parameters and residues. Further to investigate the effects and specificity of the screened tetra-peptides against DFG site, we performed docking experiments on the ATP binding site. Since all the four isoforms share the same active site with some variations, individual grids for the crystal structures (PDB id 1KV2, 3GDP, 1CM8, 3COI) of the four isoforms were prepared using active site residues of p38α [@pone.0101525-Gill1]. Grids for p38γ (Met109, Pro110, Phe111) and δ (Met107, Pro108, Phe109) were also included [@pone.0101525-John1] as they are the key residues rendering variations amongst the isoforms. Post-docking analysis was performed to cross validate the docking performance by using X-score v1.2.1 [@pone.0101525-Wang1] which calculates negative logarithm of ligand\'s dissociation constant with respect to the target protein. The docked poses were also analyzed using Pymol [@pone.0101525-DeLano1] and Chimera [@pone.0101525-Pettersen1] visualization tools.

DFG-site is present in many other proteins and in order to further clarify the specificity of our results we also performed *in silico* docking for c-ABL and b-RAF proteins. For this purpose we used crystal structures of c-ABL and b-RAF with PDB id 3OXZ (resolution 2.20 Å) [@pone.0101525-Zhou1] and 4KSP (resolution 2.90 Å) [@pone.0101525-Okaniwa1] and prepared the proteins as discussed above. Keeping DFG motif as our target the active site for both the proteins were defined with residues Glu (500), Thr (507), Trp (530), Cys (531), Gly (533), Asp (593), Phe (594) for b-RAF and residues Tyr (253), Glu (286), Thr (315), Phe (317), Met (318), Ile (360), His (361), Asp (381), Phe (382) for c-ABL protein. For both the proteins Extra presicion mode of docking was performed to dock the screened tetra-peptides and BIRB-796.

Synthesis of peptides {#s2f}
---------------------

The peptides were synthesized by solid phase peptide synthesis in PS3 synthesizer (Protein technology, USA) using Fmoc and Wang resin chemistry [@pone.0101525-Merrifield1]. Dimethylformamide (DMF) was used as a solvent. The uronium salt 2-(1H-Benzotriazole-1-yl)-1, 1, 3, 3-tetramethyluronium-hexafluorophosphate (HBTU) and N-methylmorpholine (NMM) were used as activators of Fmoc amino-acids (Chem Impex, USA).

The Wang resin used was attached to the C-terminal amino-acid and N-terminal amino-acid was protected by Fmoc for each desired peptide amino-acid. In the first step, the Fmoc protected amino-acid attached to Wang resin (500 mg: 0.5 mmol) was deprotected by 20% piperidine in DMF. The next amino-acid protected by Fmoc at N-terminal was activated by HBTU (455 mg; 1 mmol) in the presence of base NMM (0.4 M) to form the acetic ester (551 mg; 0.5 mmol) and was coupled to the amino-acid attached to resin forming a dipeptide. Similarly, the remaining amino-acids were coupled forming the complete sequence. Finally, the Fmoc was removed by using 20% pipyridine solution in DMF.

Peptide-resin was washed with DMF, dichloromethane (DCM) and ethanol/methanol and dried in a dessicator. For 500 mg resin; 30 ml trifluoroacetic acid (TFA), 1.5 ml anisole, 1.5 ml thioanisole and 1.5 ml water were added and stirred for 2 h (in peptides containing Met, Arg, Cys, or Trp, thioanosole was added). TFA was removed using a rotary evaporator and anhydrous ether was added to get precipitate of peptide. The precipitate was then washed with ether till the scavengers were completely removed. Precipitate was dissolved in 10% acetic acid solution and lyophilized to obtain as powder.

Analytical RP-HPLC of peptides {#s2g}
------------------------------

The purity of peptides was established by analytical RP-HPLC using C18 reversed phase column (RPC) (1.6×10 cm, Amersham Bioscience, USA). 1 mg/ml of peptide was loaded onto RPC. The linear gradients were formed by passing two different solvents, where solvent-A was 0.05% aqueous TFA (pH2) and solvent-B was 0.05% TFA in acetonitrile at a flow rate of 0.25 ml/min at room temperature.

Binding studies of peptides with p38α using Surface Plasmon Resonance (SPR) {#s2h}
---------------------------------------------------------------------------

The recombinant-p38α containing His-tag was immobilized on the NTA sensor chip via Ni^2+^/NTA chelation at 25°C using the SPR technology in BIAcore-2000 apparatus (Pharmacia-Biosensor, Sweden) that monitors the real-time bimolecular interaction. The surface of the chip was activated with 2 mM NiCl~2~ at a flow rate of 5 µl/min where, Ni^+2^ forms a chelating complex with NTA that further binds with His-tagged recombinant-p38α. One flow-cell having Ni^+2^ was used as reference cell and on the other, the protein was immobilized by injecting 20 µl of p38α (9 mg/ml) at a flow rate of 5 µl/min.

The four different concentrations (1.31, 2.62, 6.57 and 13.13 µM) of each peptide were passed over the immobilized-p38α and the response units (RUs) were obtained to determine the binding constants. Eventually, the sensorgram obtained was subjected to BIAevaluation-3.0 software to calculate the dissociation-constant (K~D~).

Kinetic analysis of peptide inhibitors by ELISA {#s2i}
-----------------------------------------------

The assay was performed in ATF-2 coated 96-well plate at 37°C by following the *in vitro* kinase assay. Ten different concentrations (0--100 µM) of peptide were pre-incubated thrice with 100 µM of p38α; first for 30 min, 2 h and 3 h. 100 µM of ATP was added to each reaction mixture. Each concentration was used in triplicates. The extent of phosphorylation of ATF-2 was measured at 405 nm and the mean±SD values were used to calculate the % inhibition of peptides from which IC~50~ value of FWCS was determined.

HNSCC serum Inhibitory assay of peptide against p38α {#s2j}
----------------------------------------------------

The peptides were also tested against the serum p38 µ of HNSCC patients by the aforementioned *in vitro* kinase assay using coated ATF-2 and ATP as mentioned above. The protein content of the serum was estimated using BCA-protein assay Kit (Thermo Scientific, USA). 50 µg of serum protein was incubated with 2, 4, 6, 8, 10, 12, 14, 16, 18 and 20 nM peptide concentrations separately for 3 h. The %inhibition of serum p38α by peptides was calculated.

Measurement of Minimal hemolytic concentration (MHC) {#s2k}
----------------------------------------------------

Human blood was collected under sterile conditions from a healthy volunteer. The human red blood cells were separated by centrifugation at 3000 rpm for 10 mins, washed and resuspended to a concentration of 4% (v/v) with sterile Phosphate Buffer Saline (PBS). 100 µl each of 920 µM FWCS and gentamycin (positive control) was added to the polypropylene 96-well plate in triplicates and was twofold serially diluted in PBS (920--1.79 µM). To each well 100 µl of RBC suspension was added and incubated at 37°C for 1 h. The PBS and detergent Triton-X100 were used for 0% and 100% haemolysis, respectively. All the concentrations were analyzed in triplicates. The plate was centrifuged at 1000 g for 10 mins and the quantity of hemoglobin released was measured in the form of absorbance at 541 nm.

Protease assay {#s2l}
--------------

The peptide FWCS was tested for its protease activity by using casein as a substrate. The casein solution was prepared by dissolving 1 g casein in 5 ml of 0.2 M NaOH and 35 ml of distilled-water with pH adjusted to 7.5. It was heated for 15 mins, cooled and diluted with 50 ml of 10 mM Tris-HCl (pH8.0) buffer containing 40 mM CaCl~2~. Eventually, the solution was centrifuged at 13,000 rpm for 15 mins. 350 µl of casein solution was incubated separately with FWCS and trypsin (positive control). 1 ml of 4% (w/v) trichloroacetic-acid (TCA) was added, incubated at room temperature for 30 mins and centrifuged at 15,000 rpm for 15 mins. The proteolytic action was determined spectrophotometrically at 280 nm against water as a blank.

Cytotoxic effect of peptide on oral-cancer cell-line {#s2m}
----------------------------------------------------

The cytotoxic analysis of inhibitory peptide was done on KB oral-cancer cell-line as well as with PBMC; normal human cells using MTT dye reduction assay. The cell-line, was obtained from National Centre for Cell Sciences (Pune, India) and was maintained in minimum essential medium (MEM) in CO~2~ incubator to synchronize the culture. The cells (4×10^3^ cells/100 µl media) were seeded in 96-well plates and were grown for 24 h. The experiment was performed in triplicates. The cells were incubated with different concentrations of the FWCS (250, 500, 750, 1000, 1250 and 1500 µM) for 24, 48 and 72 h. The plates were then incubated with 100 µl/well MTT-solution (1 mg/ml in MEM for KB cells and RPMI-1640 for PBMCs) for 4 h at 37°C. The formazan crystals formed were dissolved by the addition of DMSO (100 µl/well) and the absorbance was measured at 570 nm. The blank solution used to correct the background was 100 µl media with 100 µl MTT stock-solution and 100 µl DMSO. The data obtained was presented as percentage viability in the best-fit (linear) dose-response curves. The IC~50~ was calculated from mean±SD values.

Western-blot analysis of the peptide treated KB cells {#s2n}
-----------------------------------------------------

KB cells were grown, treated with 600 µM FWCS peptide for 24 h and were lysed in Passive Lysis Buffer. The pure protein and the HepG2 cell-line expressing ATF-2 were taken as control. The proteins in the lysate were fractionated on 10% SDS-PAGE gel, transferred to PVDF, washed, and blocked in TBS with 3% BSA. The membranes were washed and incubated overnight with primary antibodies (1∶500) viz. anti-p38α and anti-Phospho-ATF2, respectively. The species specific Horse Radish Peroxidase (HRP)-conjugated secondary antibodies were used for 1 h at 37°C. The bands were detected by the Enhanced-Chemiluminescent system. β-actin was used for loading control. The PVDF membranes were stripped and assessed again with the primary (1∶500) β-actin antibody. Eventually, they were incubated with HRP-conjugated secondary antibody and developed using ECL-kit.

Statistical Analysis {#s2o}
--------------------

All the experiment were done in triplicate, statistical analysis were done by one way ANOVA and t-test by using Graphpad prism v6 software.

Results {#s3}
=======

Characterization of purified protein {#s3a}
------------------------------------

The final p38α protein eluted at 0.1 M NaCl concentration from the DEAE-sephadex column was found to be \>95% pure (single band of ∼40 kDa) on SDS-PAGE gel. The bands were excised from the gel. The trypsinized fragments obtained were identified and analyzed by MS-MS as well as with mascot search program that confirmed the protein to be p38α with a score of 117 based on probability analysis.

Screening of peptides {#s3b}
---------------------

*In-silico* docking studies were used to predict probable candidates exhibiting inhibitory function against target protein. MSA ([Figure 1A](#pone-0101525-g001){ref-type="fig"}) and structural sequences ([Figure 1B](#pone-0101525-g001){ref-type="fig"}) alignments with emphasis on the DFG-site were performed indicating high degree of sequence similarities. Five tetra-peptides viz. FWCS, WFCS, YWFS, VFCS and FWVS against p38α were filtered from a library of 1.6 lac tetra-peptides on the basis of higher glide score and number of interacting hydrogen bonds with respect to BIRB-796. These tetra-peptides were further docked against other p38 isoforms viz. β, γ and δ as well as with c-ABL and b-RAF proteins under same parameters ([Table 1](#pone-0101525-t001){ref-type="table"}). The FWCS tetra-peptide demonstrated highest affinity for p38α (Glide-score) and formed more hydrogen bonds than other isoforms in comparison to BIRB-796. Eventually, FWCS exhibited highest affinity for p38α among all the isoforms. It forms six hydrogen bonds with Asp (168) and Glu (71) at DFG-site ([Figure 2](#pone-0101525-g002){ref-type="fig"}). There was no hydrogen bond interaction with the hinge region. FWCS was showing hydrophobic interaction with Leu(75), Asp(168), Met(78), Arg(149) at allosteric site of p38α ([Table S1](#pone.0101525.s002){ref-type="supplementary-material"}). The dissociation constant of FWCS calculated by X-score v1.2.1 was 1.41×10^−10^ M, which was the higher strength of binding capability with p38α among the other peptides ([Table S2](#pone.0101525.s003){ref-type="supplementary-material"}).

![Alignment of p38 isoforms.\
(**A**) Multiple sequence alignment using Clustal Omega (1.1.0) indicating the conserved DFG domain in isoforms. (**B**) Structural alignment of p38 isoforms viz. 1KV2(α), 3GDP(β), 1CM8(γ), 3COI(δ). The active site residues are blue. Residue 169 codes for Phe in 1KV2 (red), 3GDP (yellow) and 3COI (cyan) whereas in 1CM8 (p38γ) (brown) residue 172 codes for Phe.](pone.0101525.g001){#pone-0101525-g001}

![The molecular docking of FWCS in DFG-site.\
(**A**) Surface structure of p38α with inhibitory tetra-peptide where DFG active site is in yellow and FWCS is in magenta color. (B) Interactions of FWCS (purple) with the DFG site (green) of p38α (cyan) in DFG-out confirmation of Phe-169 (red).](pone.0101525.g002){#pone-0101525-g002}

10.1371/journal.pone.0101525.t001

###### Comparative Glide Score and X-score for the top six tetra-peptides and the known inhibitor BIRB7-96 against isoforms of p38 MAP kinase, c-ABL and b-RAF.

![](pone.0101525.t001){#pone-0101525-t001-1}

                       Glide Score    X score                                                                                                               
  ------------------- ------------- ------------ ----------- ----------- ----------- ----------- ----------- ---------- ----------- ----------- ----------- -----------
  BIRB796                −10.82        −8.72        −5.77       −5.57       −6.91       −6.6        −9.46      −8.31       −6.32       −6.02       −7.14       −7.38
  **FWCS**              **−13.2**    **−10.32**   **−7.24**   **−7.66**   **−6.57**   **−7.42**   **−13.4**   **−9.8**   **−7.54**   **−8.23**   **−6.02**   **−6.18**
  WFCS                    −8.51        −7.57        −5.02       −4.87       −7.51       −8.69       −9.01      −6.92       −4.76       −5.58       −6.37       −8.68
  VWCS                    −8.7         −7.63        −4.63       −3.45       −7.98       −7.69       −9.51      −8.62       −5.11       −4.37       −6.82       −7.87
  YWFS                    −7.18        −7.12        −5.86       −4.19       −8.72       −6.19       −8.9       −7.81       −5.82       −5.21       −7.31       −6.87
  VFCS                    −7.85        −6.89        −3.87        −5         −8.23       −5.75       −9.03      −6.93       −5.31       −5.09       −7.84       −5.91
  FWVS                    −7.52        −7.64        −5.24       −3.43       −7.23       −5.26       −9.79      −8.76       −4.92       −3.32       −6.95       −6.56
  Inhibitor TAK-632        \-            \-          \-          \-          \-       **−8.91**      \-          \-         \-          \-          \-       **−9.97**
  Inhibitor AP24534        \-            \-          \-          \-       **−8.02**      \-          \-          \-         \-          \-       **−8.2**       \-

Note: PDB ID is in the parenthesis.

The Glide score of FWCS for ATP binding site is comparatively showed lower affinity than DFG site of p38α isoform. Further the binding affinity of the top screened tetra-peptides was also found to be less in all other isoforms suggesting their lower specificity with other p38 isoforms ([Table S3](#pone.0101525.s004){ref-type="supplementary-material"}). The post-docking analysis of FWCS with all the four isoforms showed less number of hydrogen bonds formation and hydrophobic interactions suggesting their lower specificity for the ATP-binding site within all p38 isoforms ([Table S4](#pone.0101525.s005){ref-type="supplementary-material"}) On the basis of our computational studies we suggest that FWCS tetra-peptide can be a potent inhibitor of p38α at DFG site.

All the five peptides were synthesised, purified by HPLC ([Figure S1](#pone.0101525.s001){ref-type="supplementary-material"}) and analysed for binding efficiency using biochemical assay.

Determination of binding constant (K~D~) by SPR {#s3c}
-----------------------------------------------

A high quality biosensor data depends on the homogeneity of the target protein that is immobilized on the sensor surface. The standard immobilization procedure resulted in greater than 95% purity of the protein and was shown by the analysis of the p38α biosensor surface. The SPR signal for p38α immobilization was 6357.6 RUs. The sensitive and specific peptide interactions was determined in the form of binding capacity on to immobilized protein as the RU changed with different concentrations of peptides denoting the change in bound mass on the sensor chip with time giving the K~D~ value of the peptides ([Table 2](#pone-0101525-t002){ref-type="table"}). The K~D~ value of FWCS (3.41×10^−10^M) was comparable with commercial inhibitor, BIRB-796 (K~D~ = 0.1×10^−9^M) [@pone.0101525-Pargellis1]. The K~D~ value of FWCS illustrated a higher strength of interaction with the DFG-site of p38α than that of other peptides and BIRB-796. The sensorgram in the [Figure 3A](#pone-0101525-g003){ref-type="fig"} shows the binding of varying concentrations of FWCS over the p38α.

![Kinetic analysis of FWCS.\
(**A**) The sensorgram shows concentrations of FWCS passed over the immobilized p38α on the Ni-NTA chip for the calculation of binding constants. (**B**) The line diagram of IC~50~ obtained by *in vitro* kinase assay after incubating the peptide with p38α for 30 mins, 2 h and 3 h with ten different concentrations of FWCS respectively using ATF-2 as a substrate. Error bar shows mean±SD.](pone.0101525.g003){#pone-0101525-g003}

10.1371/journal.pone.0101525.t002

###### The K~D~ values of the synthesized peptides obtained using SPR technology software.

![](pone.0101525.t002){#pone-0101525-t002-2}

  Compound                K~D~ value (M)
  ---------- -----------------------------------------
  **FWCS**            **3.41±0.1×10^−10^ M**
  WFCS                   9.62±0.1×10^−6^ M
  YWFS                   6.47±0.1×10^−3^ M
  VFCS                   9.29±0.1×10^−4^ M
  FWVS                   3.33±0.1×10^−4^ M
  BIRB-796    0.1×10^−9^ M [@pone.0101525-Pargellis1]

Evaluation of IC~50~ by kinase assay {#s3d}
------------------------------------

The inhibitory activity of peptides was tested against both pure and serum p38α. The peptides were preincubated for 30 min and also for 3 h with p38α as it has been reported that the increase in the preincubation time of inhibitor decreases the apparent IC~50~ value [@pone.0101525-Merrifield1]. The reaction mixture was then incubated with ATP. During incubation the inhibitor interacted with the protein at the allosteric site resulting in a conformation change in p38α thereby making the protein unfit to interact with ATP. Thus, the phosphorylation of the ATF-2 was prevented.

The peptide FWCS was found to exhibit a % inhibition of 74.0±0.2 and 72.0±0.1% against the pure p38α and the serum-p38α, respectively after 3 h preincubation which was highest among the designed peptides ([Table 3](#pone-0101525-t003){ref-type="table"}). The IC~50~ value of FWCS against the pure p38α was 42.4 nM, 24.2 and 4.6 nM after 30 min, 2 h and 3 h incubation, respectively and was comparable with the BIRB-796 (control) (8 nm) [@pone.0101525-Kroe1]. This figure display that the IC~50~ values improved linearly as the incubation period increased ([Figure 3B](#pone-0101525-g003){ref-type="fig"}).

10.1371/journal.pone.0101525.t003

###### The percent inhibition of peptides against the pure and serum p38α protein after 3 h incubation.

![](pone.0101525.t003){#pone-0101525-t003-3}

  Compound    \% Inhibition   \% Inhibition
  ---------- --------------- ---------------
  **FWCS**    **74.0±0.2**    **72.0±0.1**
  WFCS          52.4±0.2        51.8±0.3
  YWFS          45.2±0.2        49.6±0.4
  VFCS          49.8±0.5        45.8±0.2
  FWVS          50.7±0.4        49.2±0.5

Hemolytic assay {#s3e}
---------------

The peptide FWCS was assessed on 4% RBC solution. The peptide exhibited 6.38% hemolysis at a high concentration (920 µM) ([Figure 4](#pone-0101525-g004){ref-type="fig"}). Thus, the peptide was demonstrated to be nontoxic to human cells.

![The hemolytic action of FWCS.\
The peptide assessed against 4% human RBC was found to be non-toxic at the IC~50~ values obtained after treatment on KB cells and was only 6.38% hemolytic at a high concentration of 920 µM. Error bar shows mean±SD.](pone.0101525.g004){#pone-0101525-g004}

Protease assay {#s3f}
--------------

The protease activity of FWCS was tested on casein. The peptide FWCS did not exhibit protease activity. This was demonstrated by the absorbance values of the resultant casein fragments as the absorbance of FWCS treated casein was very less as compared to those produced by trypsin (Data not shown).

Cytotoxicity assay {#s3g}
------------------

The cytotoxicity of FWCS was assessed using MTT assay on KB oral-cancer cell line and normal PBMCs. The cells were treated with 0--1500 µM of FWCS peptide for 24, 48, and 72 h. After the treatment of different peptide doses, the IC~50~ values of the peptide were observed to be 600, 350 and 210 µM at 24, 48 and 72 h, respectively. At these concentrations only 50% cells remained viable as seen in a dose and time response curve and no cell death was observed in case of normal PBMCs ([Figure 5A, B](#pone-0101525-g005){ref-type="fig"}).

![Cytotoxic activity of FWCS.\
(**A**) The dose and time dependent response of peptide on KB cells (**B**) PBMCs assessed by MTT assay. The western blot analysis of treated and untreated KB cells after 24 h (**C**) using p38α antibody and (**D**) using anti-phosphoATF-2 antibody demonstrating that inhibition of p38α with FWCS results in a declined expression of downstream ATF-2 protein. β-actin was taken as a loading control. Error bar shows mean±SD.](pone.0101525.g005){#pone-0101525-g005}

Western-blot analysis of peptide treated KB cells {#s3h}
-------------------------------------------------

The western-blot analysis was performed for FWCS treated and untreated cell lysate. The lysate was resolved on SDS-PAGE gel and the bands were observed at the appropriate molecular weight. The western-blot was first performed using p38α primary antibody. In [Figure 5C](#pone-0101525-g005){ref-type="fig"}, anti-p38α antibody interacted with the pure-protein, untreated and treated cell lysate as shown in lane 1, 2 and 3, respectively. To further validate the selectivity of FWCS, analysis of cell lysates was also done by using anti-phospho-ATF-2 antibody that interacts only with phosphorylated-ATF-2. ATF-2 is a downstream signaling substrate for p38α kinase and the inhibition of p38α prevented the phosphorylation of ATF-2. Therefore, no bands were observed on the blot in treated cell lysate. In [Figure 5D](#pone-0101525-g005){ref-type="fig"}, the lane 1 and 2 showed the interaction of anti-phosphoATF-2 with ATF-2 protein in control cell lysate and in untreated cells, respectively whereas no protein band was detected in treated cell lysate (lane 3).

Discussion {#s4}
==========

The MAPK cascade presents a new approach for the development of novel cancer therapies intended to be less toxic and provides a valid alternative to conventional chemotherapeutic drugs. Inhibition of any of these MAPK target has the potential for translational pharmacodynamic assessment of target suppression. The discovery of small molecule kinase inhibitors has attracted interest for novel drug development and for better understanding of biological role of these proteins. The four isoforms of p38 MAPK are activated by dual phosphorylation on Thr and Tyr within a conserved Thr-X-Tyr tri-peptide motif in an activation loop proximal to the ATP and substrate binding sites [@pone.0101525-Klebl1]. MAPK has an N-terminal and a C-terminal domain joined by a short hinge region about which the two domains can rotate with respect to each other. The activation and the catalytic loop in kinases are responsible for the orientation of ATP and the positioning of the substrate. In almost all kinases, sequence motif "Asp-Phe-Gly" (DFG-motif) at the beginning of the activation loop is conserved and involved in the correct orientation of ATP in the binding site as well as enables the entry of the substrates [@pone.0101525-Young1]. The phosphorylation of protein in the activation loop opens the allosteric DFG-site where the position of the phenyl ring of Phe determines active or inactive conformation of kinase. Many kinase inhibitors developed to date target the ATP binding site and suffer from widespread cross-reactivity among the other target kinase [@pone.0101525-Schfer1]. Only a few inhibitors were designed complementary to the conserved DFG residues. The binding of inhibitors to this site create a large conformational change in highly conserved DFG-motif within the active site of the kinase. One of the most potent compounds belonging to this series of inhibitors is BIRB-796 [@pone.0101525-Zuccotto1].

Although BIRB-796 impairs the phosphorylation of p38 but it was found to be more potent and selective for p38α than p38β followed by p38γ and p38δ which could be due to its interaction with Thr(106), a residue unique to p38α and p38β in the hydrophobic pocket adjacent to the DFG-site [@pone.0101525-Kuma1]. This study focused on the allosteric DFG-site where five best peptides designed on the basis of the structural information of DFG-site were analyzed biochemically. Here, it was observed on the basis of molecular-docking studies that FWCS peptide best fitted the DFG-site of p38α followed by that of isoforms viz. p38β, p38γ and p38δ, as well as with other proteins having DFG site like c-ABL and b-RAF. It formed six hydrogen bonds with p38α DFG-site, where Phe of peptide forms 2 and 1 hydrogen bonds with Asp (168) and Glu (71), respectively, Trp formed bond with Glu (71), Cys bonded with Asp (168) and Ser bonded with Asp (168) but there was no hydrogen bond with the hinge region. Similar hydrogen bonds were also reported in the central urea of BIRB-796 where the carbonyl and NH of urea forms hydrogen-bonds with the NH of Asp (168) and side-chain of Glu (71), respectively [@pone.0101525-Pargellis1]. The calculated dissociation constant of FWCS revealed to be a potent inhibitor of p38α.

The low binding affinity with ATP binding site with less number of hydrogen bonds and low hydrophobic interaction also suggested the specificity of FWCS with DFG binding site of p38α isoform.

The peptide also showed a strong biochemical interaction with p38α. The K~D~ value of FWCS obtained for allosteric p38α-site was comparable and superior to the known inhibitor BIRB-796. FWCS indirectly competed with ATP in the inhibition assay by pre-incubating with pure p38α for three different time intervals viz. 30 mins, 2 h and 3 h. The resultant rapid gradual linear decline in IC~50~ from 42.4 nM to 4.6 nM obtained with the increased pre-incubation time confirmed the slow binding kinetics of the peptide. A similar decline in apparent IC~50~ was observed incase of BIRB-796 with the increase in pre-incubation period which confirmed the slow binding behavior [@pone.0101525-Kroe1], [@pone.0101525-Klebl1]. This was probably the conformational change in the DFG site due to the movement of Phe residues as mentioned earlier [@pone.0101525-Kuma1].

Moreover, the peptide was found to be nearly non-toxic to human erythrocytes as well as to human PBMCs. Generally blood serum proteases perform their activity in specific condition and digestive protease needs certain site and size for cleavage. The present peptide does not have the site and the size to get recognized by any proteases. Hence, peptide can be delivered intravenously. In HNSCC, the overproduction of various cytokines like IL-6 and IL-8 takes place which are responsible in oncogenic processes such as angiogenensis and metastasis. In addition, p38MAPK was shown to be activated by phorbol-12-myristate-13-acetate in HNSCC escalating the secretion of cytokines IL-6 and IL-8 [@pone.0101525-Riebe1]. An important and accepted therapeutic approach for potential drug intervention in this disease is the reduction of proinflammatory cytokines. The structure based drug designing is the rational and very efficient way of development of therapeutic molecule. It was reported that BIRB-796 in presence of compound Bortezomib inhibits p38α MAPK and blocked the phosphorylation leading to enhanced cytotoxicity in multiple myeloma cell-lines and paracrine tumors but alone did not induce significant growth inhibition [@pone.0101525-Yasui1]. The reduction in phophorylation of ATF-2, a substrate for p38α was observed during kinetic analysis after the incubation of FWCS with pure-p38α. The peptide FWCS efficiently reduced the cell viability of oral-cancer KB cell-line in MTT assay which was probably due to the inhibition of p38α but it did not effected on normal PBMCs. The time and dose dependent cytotoxicity of FWCS was evident by the IC~50~ values of peptide for 24, 48 and 72 h. The specificity of peptide on the KB cells was further assessed by performing western-blot analysis of the cell lysates. The band was not observed in the peptide treated cells with primary anti-phosphorylated ATF-2 antibody indicating that FWCS inhibited the activity of p38α MAPK and prevented the phosphorylation of ATF-2. In contrast, the phosphorylated ATF-2 band was obtained in untreated cells. So the peptide FWCS can be considered as an effective inhibitor of p38α. Hence, FWCS can function as an anticancer agent as it potentially inhibits cell viability in a dose and time dependent manner in oral-cancer cell line. Besides, it also reduced the proficiency of serum-p38α in HNSCC patients.

In conclusion, the peptide inhibitor may prove to be a potent and new generation of therapeutic agent against human oral-cancer targeting DFG-site of p38α. Modern drug discovery involves the identification by screening using molecular modeling, biochemical assay and optimizing it to increase the affinity, selectivity and potency. This peptide was screened by modeling for selectivity and performed for affinity as well as potency by biochemical assay. This work may be employed as a new lead generation of inhibitor for p38α MAPK in cancer.
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**Glide Docking Score for the screened tetrapeptides against ATP binding site for the hits that were screened against DFG-out site for p38α.**
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**Post-docking analysis of FWCS against ATP-binding site of all the four isoforms of p38.** Hydrogen bonds were determined using Chimera and hydrophobic interactions were determined by GETNEARES program.
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